canopy heights [1] . These objectives are accomplished using the Geoscience Laser Altimeter System (GLAS), in combination with precise orbit determination (POD) and precise altitude determination (PAD). Since 2003, ICESat has acquired a huge database of raw and processed data organized in 15 data products, i.e., GLA01, . . ., GLA15 [2] . Each product contains a different data type. For example, the GLA01 level-1A product contains the raw full-waveform data, and the GLA14 product provides global land surface elevation data [3] . ICESat data products have been used in many research topics in recent years. Typical applications include forestry (such as estimation of canopy parameters and above-ground biomass [4] [5] [6] , vegetation vertical structure [7] [8] [9] , forest disturbance [10] , and single-and two-epoch analyses of ICESat full-waveform data over forested areas [11] ) and polar regions, accuracy and precision of digital elevation models (DEMs) [12] , [13] , mass balance over Antarctica [14] , volume change rate of the ice sheet over Greenland [15] , snow accumulation on ice sheets [16] , and estimation of sea ice thickness by using snow depth on the sea ice [17] . Follow-up missions are planned to continue the acquisition of large footprint waveform data. ICESat-II and the scheduled Deformation, Ecosystem Structure and Dynamics of Ice (DESDynI) mission will also operate a large footprint waveform system.
To obtain insight into ICESat data accuracy, ICESat data were compared and validated by independent data sources. ICESat data were several times compared with data of moderate accuracy, such as InSAR-derived DEMs [18] and Shuttle Radar Topography Mission (SRTM) data [19] [20] [21] . Elevation differences between ICESat data and SRTM data are discussed either with respect to different land cover types, as derived from Landsat-7 images [21] , or over high relief and densely vegetated surfaces [19] , [20] . In addition, the highest and lowest elevations derived from the ICESat full-waveform data are also discussed in [19] and [20] to assess the properties of ICESat data over complex land surfaces.
ICESat data are also carefully compared with more accurate data, such as airborne laser scanning data [22] [23] [24] and Global Positioning System measurements [25] [26] [27] . According to [25] , ICESat-derived elevations are impacted by environmental effects (e.g., forward scattering and surface reflectance) and instrument effects (e.g., pointing biases, detector saturation, and variations in transmitted laser energy). Under ideal conditions, a vertical bias of less than 2 cm with a standard deviation of at least 3 cm is reported [22] [23] [24] [25] . For validating ICESat elevations, often, terrain is chosen with simple surface characteristics, such as sea ice [22] or the Salar de Uyuni salt flats, Bolivia [25] . Moreover, ICESat elevations, i.e., the GLA06 and GLA12 products, are typically only obtained from the maximum peak of the full waveform. Consequently, the full-waveform data itself and the techniques for processing such data have not thoroughly been investigated. Over land regions, the full-waveform data were only processed and applied for the estimation of forest structure and aboveground biomass [4] , [5] , [28] , canopy cover [7] , [8] , and forest species inventory [10] . Therefore, in this paper, ICESat elevation (GLA14) data and ICESat full-waveform (GLA01) data are processed and compared with the Dutch national high-accuracy airborne laser scanning product Actual height model of The Netherlands (AHN) for a variety of land cover types.
This research gives clear insight into the accuracies that can be expected over more complex terrain types. To understand the nature of larger differences that occur in the comparison, an analysis of waveforms deviating at the individual shot level was necessary. Such analysis has enabled us to eliminate the most outlying differences.
The objectives of this paper are given as follows: 1) to propose an appropriate way of estimating the accuracy of ICESat data over complex land surfaces containing forests, buildings, and artificial objects; 2) to estimate the accuracy with respect to different land cover classes: forest (broadleaf, mixed and needleleaf), urban, and bare land/low vegetation; and 3) to investigate the choice of waveform parameters suited in comparing the feature heights of forests and buildings.
To do so, a new method of comparison between ICESat and laser scanning data (AHN) is introduced. First, this paper proposes an appropriate method to register the waveform data into a common coordinate system via information provided in the GLA14 product, leading to the so-called georeferenced waveforms. Later on, the most suited position can be extracted from the georeferenced waveform to represent either the surface terrain height or the height of features, such as trees or buildings. On the other side, the many AHN laser points within an ICESat footprint are segmented to obtain one particular segment representing the surface terrain. Moreover, from the AHN laser points, an AHN simulated waveform is created for two reasons: 1) to enable a comparability check between ICESat and AHN waveforms and 2) to enable the extraction of an AHN feature height to be compared with the corresponding ICESat waveform height.
Two comparisons between ICESat data and AHN data are studied in detail in this research, which comprise an accuracy assessment of complex terrain height and a feature height comparison. These comparisons are defined in detail in Section III. The results of the accuracy assessment are evaluated with respect to the different land cover classes according to the CORINE Land Cover 2000 database (CLC2000) [29] . In Section II, study areas and data sets are introduced. Then, the methodology is proposed. Results and future work are discussed at the end of this paper.
II. STUDY AREA AND DATA

A. Study Area
The area of study is The Netherlands, which is approximately bounded by 3
• E to 7
• E longitude and 50
• N to 54
• N latitude, which contains a large variety of land cover types. The total length of the six considered ICESat ground tracks is about 1290 km. Fig. 1 shows a map of the DEM (AHN) of The Netherlands, which is colored by height, together with the six tracks. In this paper, we differentiate results with respect to land cover type. For this purpose, the CLC2000 data set is used.
B. ICESat/GLAS
The GLA01 full-waveform data are, in general, sampled as relative intensities in 200 bins for sea ice and ocean, and 544 bins over land and ice sheets. The bin size is 1 ns. The surface type is determined by the instrument from the onboard DEM.
The GLA14 global land surface elevations are obtained by combining POD [30] , PAD [31] , and range data. The range data are determined from a time stamp pair corresponding to the centroid of the transmitted pulse and the reference point (mostly the centroid) of the return waveform. After all instrumental, atmospherical, and tidal corrections have been applied [2] , geolocated latitude, longitude, and footprint elevation are computed [32] . The position of the reference point is stored as a range offset in GLA14. For coping with the potential complexities of land returns, including possible combined influences of slope, roughness, vegetation, and cultural features, offsets are provided in the GLA14 product, corresponding to alternative bin positions of the waveform, such as the beginning and end. Note that, when the GLA14 elevation product is corresponding to the waveform centroid, it is representing the mean elevation within the illuminated footprint [7] . In addition, ICESat waveforms that cause saturation of the ICESat detector result in a lower elevation [25] . A saturation elevation correction i_satElevCorr is applied to all GLA14 data.
To avoid large changes in surface features and land cover because of acquisition time differences, the acquisition time of ICESat data needs to be close to the acquisition time of the AHN data (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) and the CLC2000 data (1999) (2000) (2001) . Therefore, ICESat GLA14 and GLA01 products from campaign L2a, which were obtained in the period between September 25, 2003 and November 18, 2003 , are chosen for this study. As a result, the difference in acquisition time between the data considered varies from 0 to 7 years. All data are from release 428, and the waveform data were digitized in 544 bins. In Table I , the orientation and length of the major and minor axes of the ellipses describing the footprint shape are given for each track.
These six ICESat ground tracks are chosen because of four reasons. 1) To be well spatially distributed over the study area. 2) To cover all different land cover classes. 3) ICESat measurements along these six tracks were relatively successful, compared with other L2a tracks (cloud cover). 4) For some of the tracks also considered, repeated tracks in subsequent campaigns are available (tracks 0015, 0043, and 0295), which allows repeating this analysis for later campaigns.
Moreover, waveforms from overlapping footprints from repeated tracks can be compared to assess terrain height changes and feature height changes and to identify further issues in the processing of ICESat data (cf. [33] ). Starting 2007, AHN2 is being acquired over The Netherlands [34] . AHN2 has even better specifications than the first version of AHN used in this study. The release of AHN2 will offer good possibilities to assess the quality of the most recent ICESat campaigns. After applying filtering constraints, as described later in Section III-G, a total of 3172 waveforms from six ICESat tracks were assigned to different land cover classes by using the CLC2000 land cover database (Table I ). The transmitted energy falls from 81 to 66 mJ during the campaign. The average return energy of the waveform from each track varies from 17 to 316 fJ. Moreover, the nominal pointing angle is always about 0.3
• . According to [35] , given the reported pointing error of 0 ± 1.5 arcsec in data campaign L2a, ICESat elevation data have a theoretically vertical accuracy of 2.25 cm/1
• incident angle and a horizontal accuracy of 4.5 m [35] .
C. AHN
The AHN was acquired between 1996 and 2003 under leafoff conditions and is based on airborne laser altimetry, with a point density of at least 1 point per 4 × 4 m 2 area. There are four levels of detail available, i.e., raw point cloud data and interpolated grid data at 5-, 25-, and 100-m resolution [34] , [36] . In this study, the raw point cloud data are used. Over rural areas, the raw point cloud data are divided into nonground points (so-called vegetation points) and ground points. Over urban areas, no filtering is applied. Hence, both vegetation and buildings are present in the urban AHN data sets. All data are in ASCII format files with XY Z coordinates given in the Dutch coordinate system Rijksdriehoeksmeting and Normaal Amsterdams Peil (RDNAP) [37] . The accuracy strongly depends on the amount of vegetation and topography. For solid surfaces (e.g., roads and parking lots) and soft but flat surfaces (e.g., beaches and grass fields), the maximum systematic offset is 5 cm with a standard deviation of 15 cm. Over wooded areas, the maximum systematic offset is 10 cm with a standard deviation of 20 cm in case of at least one ground point per 36 m 2 [34] .
D. CLC2000
The CLC2000 was developed by the European Environment Agency and the European Joint Research Centre. The CLC2000 database originates from the year 2000 but is actually obtained during a three-year period from 1999 to 2001, with a horizontal geolocation accuracy of 25 m based on satellite images of Landsat-7 Enhanced Thematic Mapper Plus with 25-m pixel resolution. The CLC2000 data product is obtained from Landsat data via a computer-assisted visual interpretation of the satellite images, under the requirements of a scale of 1 : 100 000, a minimum mapping unit of 25 ha, and a pixel resolution of 100 m [38] . The CLC2000 classification is hierarchical and distinguishes 44 classes at the third level, 15 classes at the second level, and five classes at the first level. Detailed information of land cover levels can be found on the metadata section on the European Environment Agency website [29] . The total thematic accuracy of the CLC2000 database was almost 95%. The database is georeferenced in the European reference system (ERS) [39] .
III. METHODOLOGY
A. Datum Transformation and Coordinate Systems
A critical step in the elevation comparison is coordinate system conversion. For comparison between ICESat and AHN data with respect to land cover type from CLC2000, data sets need to be available in the same georeferenced coordinate system. AHN and CLC2000 data are available in RDNAP and ERS coordinates, respectively. Because AHN data and CLC2000 are very large data sets, ICESat data that are initially in the TOPEX/Poseidon reference frame, are chosen to be converted. ICESat data are both converted to RDNAP and ERS coordinates. The conversion scheme is shown in Fig. 2 . The ICESat data in the TOPEX/Poseidon ellipsoid are first converted to the WGS84 ellipsoid by Interactive Data Language scripts provided by NSIDC [40] . This conversion produced a very small error of less than 1 cm [41] . Then, the ICESat data in WGS84 coordinates are converted to the ETRS89 reference system by the program PCTrans 4.0 [42] . The accuracy of this step is up to the centimeter level. Next, these data are transformed to the RDNAP system by the Coordinate Calculator developed in [37] . This conversion is accurate within 1 cm [43] . The total accuracy of the previous steps is still restricted to the centimeter level; therefore, this error component cannot be considered very significant to the comparison. Moreover, the ICESat GLA14 data in ETRS89 system are additionally converted to the ERS coordinates by ArcGIS 9.2 [44] . The ICESat geolocation accuracy of about 4.5 m is well below the CLC2000 resolution of 100 m. Therefore, this conversion has no significant effect either. Finally, the ICESat data are assigned to land cover type classes by comparison to the CLC2000.
B. Georeferenced Waveform
Typically, one position on the time axis of each waveform is used to compute a range between the GLAS sensor and the Earth surface, which is the so-called reference point. Together with the ICESat orbit position and orientation, elevation data, such as that available in GLA14, can be obtained [32] . To be able to use different positions in one waveform for different comparisons, this paper proposes a two-step approach: First, a waveform is registered into the RDNAP coordinate system using the reference point (the waveform centroid in most cases). In the second step, a suited position in the waveform is extracted. Now, the height in RDNAP of this position is simply established by considering the difference to the reference point.
In Fig. 3 , the ICESat GLA14 elevation is represented by a cross; the square represents the mean AHN elevation of the ground points within the ICESat footprint. For georeferencing of the waveform (solid curve), the GLA14 reference point (here, the waveform centroid displayed by the horizontal dotted line) is matched with the GLA14 elevation point. The reference point is obtained by adding the land range offset of i_ldRngOff to the reference range of i_refRng in the GLA14 product. Which position in the waveform is used as the reference point is indicated by the elevation definition flag of i_ElvFlg [45] .
C. Derivation of GLA01-Based Elevation Data (ICESat Last Mode)
A georeferenced waveform is decomposed into a maximum of six Gaussian components, which allows deriving waveform parameters, such as the amplitude, width, and location of each Gaussian mode. The waveform decomposition method described in detail in [46] is applied in this research. The first threshold crossing in the ICESat waveform usually corresponds to the highest intercepted surface within the footprint. The centroid of the complete waveform corresponds to the average height of the objects in the footprint, whereas the last Gaussian mode results from the lowest elevation in the footprint [2] . Over flat terrain, the lowest elevation is the ground surface if the terrain is bare. As Dutch topography is, in general, flat, the last mode is the most suitable representation of the ground elevation.
D. Derivation of Lowest Ground Surface From AHN Data (AHN Lowest Segment)
An average ICESat footprint from campaign L2a contains approximately 700 AHN data points with an average point density of 0.20 point/m 2 . As stated before, there exists no AHN ground point product over urban areas. Moreover, over complex topography, the average height of the AHN ground points is often not representative for the height of the last mode of the ICESat waveform. Some typical examples are shown in Fig. 4 . Fig. 4(a) shows an "urban" waveform. In the corresponding AHN data, different height levels are visible, e.g., from trees (left), actual ground surface (black dots), and building roofs (middle). The mean elevation of this discontinuous data set (∼7.5 m) is not representative for the ICESat last mode height (∼5 m). In Fig. 4(b) , the ground level data (gray dots) are continuous but varying in height due to the presence of a canal in the footprint. The elevation of the horizontal bottom (black dots) is about 163 m, instead of 172 m, for the mean ground surface. Similarly, Fig. 4 (c) has a series of steps in the surface elevation. The elevation of the lowest surface (black dots) is about 0 m, instead of 4 m, for the mean of the surface. Compared to the ICESat last mode, the segment containing the black points is most suitable for the comparison and, therefore, chosen as a good representative for the lowest surface.
This lowest surface is determined in two steps: First, the complete data set of AHN points (ground and nonground points) within the ICESat footprint is subdivided into many small homogeneous segments by applying a segmentation method [47] . Then, the segment containing at least ten points that has the smallest average height is selected as the lowest surface. The mean elevation of this segment is called the "AHN lowest segment." Fig. 4 shows a visualization of the AHN points (gray dots), the lowest segment points (black dots), the mean height of the AHN points (horizontal solid line), the mean height of the lowest segment (horizontal dashed line), and both the ICESat waveform (dashed curve) and the waveform simulated (solid curve) from the AHN data, as introduced in the next section.
E. Waveform Simulation From AHN Data
AHN data are used to simulate a full waveform for the purpose of feature height comparison. The full waveform is simulated in three steps: First, a power distribution corresponding to the Gaussian shape of the transmitted ICESat pulse within the footprint is applied to assign weight values to the AHN elevation points. The power distribution falls off at the footprint boundary by about 1/e 2 . Second, the histogram of AHN weighted elevation frequencies of all AHN points within a footprint area is determined. In the third step, this histogram is convolved with the emitted pulse of the corresponding ICESat waveform. As shown, for example, in [48] , a returning laser altimetry waveform is the convolution of the emitted signal with the differential cross section. Next to the unknown surface reflection properties, the differential cross section depends on the height spread of the objects in the footprint, which is approximated by the height histogram of AHN height points, i.e.,
where h is the histogram of heights (signal), and t is the ICESat transmitted pulse (impulse response). The convolution operator is denoted by •, whereas y represents the resulting simulated waveform. Fig. 5 demonstrates the waveform simulation procedure, using a bin size of 15 cm. The histogram of weighted heights h is constructed from the AHN points within the ICESat footprint [ Fig. 5(a) ]. Next, this histogram is convolved with the emitted pulse t, as shown in Fig. 5(b) , resulting in a delayed signal displayed as a dotted curve in Fig. 5(c) . The georeferenced simulated waveform is the delayed waveform shifted to the left by half the range of the transmitted pulse (24 ns × 0.15 m = 3.6 m), as represented by the thick black curve in Fig. 5(c) . Compared to the histogram, this simulated waveform is smoother. A more advanced method of waveform simulation can be found in [49] [50] [51] .
Two typical simulated waveforms are shown in Fig. 6 . The shape of the AHN simulated waveform (solid curve) over bare land is quite similar to the corresponding ICESat waveform (dashed curve) [see Fig. 6(a) ]. However, when comparing 2) The AHN data contain only airborne laser points resulting from the first and last echo data. Reflections from intermediate scatterers were not available. This may explain why the energy of the ICESat waveform does not drop to the same low level as the simulated waveform. 3) Contamination of the AHN data by multipath effects or indirect reflections. 4) The differences in the width of the last mode may also depend on the season. If most energy is reflected in the canopy, less is left for reflection from the ground. 5) Albedo effects: In Fig. 6(b) , the result at a height of 5 m shows that the upper mode of the ICESat waveform is bigger than the corresponding mode of the simulated waveform.
However, over inhomogeneous areas, differences in the reflectivity of features or scatterers in the ICESat footprint may decrease or increase the amount of signal at a certain height in the ICESat waveform when compared with the AHN response, where laser points are only weighted with respect to the theoretical distribution of the energy in the corresponding emitted ICESat pulse. In Fig. 6(b) , there are two different kinds of objects contributing to this first mode, i.e., the roof of a factory (horizontally aligned points at 5-m height) and trees. If the relative intensity of the AHN points would be available and could be taken into account, the roof will increase the amount of signal at the first mode.
F. Definition of Feature Heights
Precise extraction of feature heights over forest and urban areas is a challenging task. Here, it is considered how to parameterize feature height using suited waveform and point cloud parameters and how to consecutively derive these parameter values using the indicated waveform processing method. It is also shown, however, that it is very difficult to parameterize feature height in a uniform way such that feature heights can automatically be extracted, giving satisfactory results for many individual waveforms. Feature heights are both extracted from ICESat full waveforms and AHN simulated waveforms.
When using airborne laser point cloud data, such as the AHN data, over forested areas, the forest height can be defined with respect to the point cloud as the distance between the maximum and minimum elevations of the laser points. If the surface is flat or has a constant slope, the forest height can easily be extracted. In contrast, if the terrain topography contains, for example, a series of steps or is subject to a varying surface slope, the definition and determination of the ground surface are critical aspects for forest height extraction [52] , and more advanced methods of, for example, canopy height modeling need to be applied for precise forest height extraction [28] , [53] . Moreover, over urban areas, the feature height is more complicated to define. Even when the underlying terrain height can sufficiently be determined [47] , [54] , the building height extraction is still in question. The distance from the terrain to the highest elevation point in the AHN point cloud is expected to represent the building highest point. However, this highest AHN elevation point could also correspond to high trees or other nonbuilding objects.
When using the ICESat full waveform, it should be taken into account that the slope and roughness of the terrain surface and variabilities in the upper parts of tree canopies are all having a widening effect on the full waveform. To enable a fair comparison to feature heights derived from the AHN point cloud, at least the slope/roughness effects need to be corrected in advance [4] , [55] .
Because of these different potential problems in comparing feature heights derived from the AHN point cloud to the ICESat full waveform, a simpler approach that directly compares waveform parameter values extracted from both the ICESat waveform and the AHN simulated waveform is proposed. Because the topography over The Netherlands is, in general, flat, the effect of the slope is not expected to significantly contaminate the obtained feature heights.
To be able to compare feature heights in Section IV-C, feature heights extracted from the ICESat and AHN simulated waveforms are introduced in this section. A feature height over forest is called and expected to represent forest height. Over urban areas, building heights are considered, and over bare land, low vegetation heights are considered (e.g., scrubs and bushes).
Over forest, the waveform extent, which is the vertical distance between the waveform beginning and the waveform end, as identified by threshold values, was used in [7] to estimate the maximum forest height. Due to the effects of surface slope and the variability of upper canopy parts, an SRTM-derived terrain index and the leading edge of the waveform were applied to correct the waveform extent.
To facilitate the introduction of feature heights, we define the following abbreviations for the significant waveform parameters: Waveform beginning W B is the position where the ICESat waveform first crosses the threshold value (Fig. 3) . Position F HM is the location in the ICESat waveform where the waveform reaches half of the first maximum [first half maximum (FHM)] energy of the first mode [ Fig. 7(c)] . Moreover, the peaks of the ICESat first and last modes are denoted as F M and LM , respectively, [ Fig. 7(b) ].
As discussed in the previous section, the ICESat last mode LM is most suited to represent terrain height. Therefore, forest height H LM−WB is defined as the vertical distance between ICESat last mode LM and waveform beginning W B [ Fig. 7(a) ]. For bare land, low vegetation height H LM−WB is defined in the same way.
Over urban areas, an ICESat footprint may represent not only parts of different buildings but also high trees. Three typical cases can be identified, with each consisting of footprints dominantly containing 1) a building with a flat roof (factory); 2) buildings with tilted roofs (typically Dutch residence house); and 3) a combination of high trees and buildings. To obtain a suited descriptive parameter for a building height, three potential parameters of building heights are defined. For example, in the first case, as shown in Fig. 7(b) , a suited building height is the distance between the last mode LM and the first mode F M, i.e., H LM−FM . In the second case [ Fig. 7(c) ], the most suited building height can be the distance between the last mode LM and position F HM, i.e., H LM−FMH . In the third case, the feature height is H LM−WB if the tree is higher than the building roof [ Fig. 7(d) ] or H LM−FMH if the building is higher than the tree [ Fig. 7(c) ].
The feature heights of three land cover classes (forest, urban, and bare land) are summarized here.
H LM−WB is applied for forest, urban, and bare land areas. Moreover, over urban areas, results from two additional feature height parameters H LM−FM and H LM−FMH are compared. The parameter that is most suited to describe the feature height over urban areas will be discussed and chosen in Section IV-C.
To enable a feature height comparison, the feature heights are also extracted from the AHN data. For this purpose, the AHN points within an ICESat footprint are simulated to a waveform, as described in Section III-E. Then, feature heights from these simulated waveforms are extracted in the same way as the ICESat waveforms. The resulting ICESat and AHN feature heights are compared in Section IV-C.
G. Filtering Constraints
To only use reliable height values for a comparison between AHN and ICESat data, constraints on both data sets are taken into account. In this research, both data sets must satisfy four conditions. C1) All ICESat data must be considered valid, as indicated by the elevation use flag i_ElvuseFlg. C2) AHN points must be well spatially distributed within the ICESat footprint. For this purpose, the footprint extent area is regularly divided into 10 × 10 m boxes. An ICESat footprint is removed from further comparison if 1) the number of AHN points in the ICESat footprint is less than 50 or 2) the ratio between the number of boxes containing AHN points and the total number of boxes is less than 90%. Fig. 8(a) shows a footprint where the coverage of the AHN points within the ICESat footprint is about 91%. C3) Cloudy sky conditions may cause errors in the elevation data by effects of absorption, forward scattering, and signal delay [56] . Fig. 8(b) shows a very noisy waveform (dashed curve) obtained under cloudy conditions, resulting in a low return energy. Therefore, only those ICESat waveforms that are not effected by cloud cover are incorporated. A gain value of less than 100 counts, as indicated by the gain value of i_gval_rcv, is used to identify clear sky conditions [57] . C4) ICESat waveforms that saturate the ICESat detector result in a lower elevation [25] . In all comparisons, constraints C1-C4 are explicitly applied, and an AHN elevation is always subtracted from the corresponding ICESat elevation to obtain an ICESat-AHN height difference.
IV. RESULTS AND COMPARISON
A. Case 1: Comparison of the ICESat Last Mode and the AHN Lowest Segment
In this section, we compare the ICESat last mode elevation to the AHN lowest segment elevation, as described in Section III-D. Both elevations are considered to represent the terrain height. The ground surface is assumed to be stable between the AHN and ICESat acquisition times although the difference in acquisition ranges between 0 and 7 years. It is moreover assumed that the AHN data are accurate when compared with ICESat data. Therefore, this comparison describes the accuracy of ICESat data over terrain surface with respect to different land cover types. However, there are still outliers in the comparison, such as errors in waveform fitting [missing last mode; see Fig. 9(a) ], effects of slope or rough surfaces where the last peak is higher than the mean elevation of the lowest segment [see Fig. 9(b) ], and errors in segmentation [the small segment in black dots is not representative for the sloped surface; see Fig. 9(c)] . Therefore, the Median/MAD robust technique [58] is applied to discard outlier effects to arrive at realistic statistics. After applying filtering constraints C1-C4, 3172 footprints remain. The final results are given in Table II and in the histograms in Fig. 10 .
The results show that it is possible to derive the terrain surface height with a bias of about 21 cm and a standard deviation of 20 cm over bare land from the ICESat altimetry data. Over forest, the height difference is, on average, 14 cm for broadleaf, 11 cm for mixed, and 7 cm for needleleaf. The standard deviation value is, however, large over broadleaf (0.59 m) and over mixed (0.69 m), and smaller over needleleaf (0.30 m). Moreover, in the urban case, the difference in terrain height is 0.24 m with a small standard deviation of 0.28 m. In the case of water, a small case study shown in Fig. 11 gives us several reasons to mistrust comparisons over footprints classified by CLC2000 as water: varying water levels, strongly varying numbers of AHN points over water due to absorption, appearance of structures such as boats in the water, and footprints on the border between water and land. Therefore, we conclude that comparisons for footprints marked as water are not reliable. Some waveform locations over a water body are displayed superimposed on Google Earth imagery (bottom), together with a visualization of the corresponding ICESat waveforms and AHN data (top). The green dots represent the AHN points within the ICESat footprint, and the gray dots are outside the footprint. The footprint size is indicated by the length of the horizontal black line. We make three observations. 1) Occurrence of artificial objects: In Fig. 11(a) and (b) , AHN data indicate the occurrence of an artificial object (e.g., a long boat or a construction work) with a length of about 175 m (ICESat footprint spacing) over the water surface, whereas the corresponding ICESat waveform has a single peak at an elevation of −5.7 m. This object causes a height difference of 4.7 m in case of Fig. 11(a) and 0.86 m in Fig. 11(b) . 2) Fig. 11(d) shows an ICESat footprint location that is classified as water. Still, this footprint contains some AHN points that originate from the land surface. As there are no AHN points over the water part of the footprint, a difference of 1.31 m occurs between the ICESat and AHN centroid elevations. 3) On the other hand, Fig. 11(c) shows a footprint that only covers water, but, still, AHN points are available, resulting in a height difference between the AHN and the ICESat centroid of 0.29 m. This difference is probably caused by a change in water level between the AHN and ICESat acquisition time (0-7 years), also comparing the consistent AHN and ICESat elevations in the neighboring footprints.
B. ICESat Incident Angle Effect
Further insight into the observed differences in ICESatversus AHN-derived terrain height is gained by analyzing the influence of ICESat incidence angle and pointing error. According to [59] , the maximum elevation error of the ICESat product is equal to about 7.5 cm/1
• incident angle with a laser pointing error of 1.5 arcsec. To limit the impact of incident angle on elevation errors to an effect of maximally a few centimeters, footprints were removed if the ICESat incident angle is larger than 1
• . By using the AHN data, the ICESat incident angle is obtained from a combination of the ICESat laser pointing angle and the AHN surface slope. The AHN surface slope is obtained by fitting a plane to the AHN lowest segment data within the footprint.
In comparison to the previous results, the results show that the observed differences in terrain height are strongly changed in forested areas and slightly improved in bare land and urban areas. Over forested areas, the average difference slightly increases, i.e., by 13 cm over mixed forest and 5 cm over both needleleaf and broadleaf forests. The standard deviation is significantly reduced from a maximum of 69 cm (over mixed) to a maximum of 25 cm (over broadleaf). Moreover, over urban and bare land areas, only the standard deviation is reduced by 1-5 cm. The price to pay for the improvement in the statistics is that 873 pairs were removed from a total of 3172 pairs. Although this analysis was performed over relatively flat terrain, it demonstrates that the ICESat incidence angle has an impact on the accuracy of the terrain height.
C. Case 2: Comparison Between the ICESat-and AHN-Derived Feature Heights
In this section, after applying filtering constraints C1-C4, 3172 feature heights derived from ICESat waveforms and AHN simulated waveforms, as defined in Section III-F, are compared. Histograms of forest, building, and low vegetation heights using parameter H LM−WB are shown in Fig. 12(a)-(c) , respectively. On average, the feature height is about 17-20 m over forest, 8-9 m over buildings, and almost 3 m over low vegetation. Table III shows height differences with respect to forest, buildings, and low vegetation in terms of feature height parameter H LM−WB . Moreover, over urban areas, two other feature height parameters H LM−FM and H LM−FMH were also determined. According to the feature height H LM−WB , the height difference between the ICESat data and AHN data is equal to 1.89 m over forest, 1.48 m over buildings, and 29 cm over low vegetation. The standard deviation is larger over buildings We conclude that none of the three feature height parameters defined for buildings give very satisfactory results. Several reasons explain this negative outcome. A first reason is that, for different scenarios (like first intercept is flat roof, tilted roof, or urban tree), different feature height parameterizations are more suited. Therefore, applying one parameterization for all possible scenarios will definitely result in suboptimal outcomes.
Unfortunately, it seems, in practice, impossible to classify an urban waveform as corresponding to a certain scenario. Still, this reason does not explain differences in urban feature height, as derived from either ICESat or AHN simulated waveforms.
The large standard deviation of the building height differences can be explained by the following circumstances: 1) Small geolocation errors. With a small shift in footprint location, parts of other buildings may appear in the footprint, causing different height levels. 2) Feature changes that occurred between ICESat and AHN acquisition times (0-7 years) are particularly likely in urban areas, considering, e.g., new built-up houses, removed/renovated old houses, and artificially added or removed trees (see Fig. 13 ). 3) Due to the absence of intensity values in the AHN data set, the AHN simulated waveform is not always comparable to the ICESat waveform [see Fig. 6(b) ], particularly when the ICESat footprint is partly covering a building roof with a strong reflection. The energy return from such roof is recorded as the dominant peak in the ICESat waveform. However, the few reflecting points present in the AHN data are not enough to obtain such a dominant peak in the simulated waveform. The missing peak causes a large height difference in the feature height comparison.
To improve the feature height comparison, an additional condition could be implemented. Since the AHN data were acquired during 1996-2003, spanning a larger time window, compared with the ICESat data acquired approximately in a one-month period, it is likely that, in some cases, actual feature height changes occurred between the AHN and ICESat acquisition. This could lead to anomalous feature height differences. The AHN and ICESat terrain heights, as derived for the terrain height comparison, can be applied to match ICESat and AHN simulated waveforms corresponding to (actual) terrain height. Considerable differences between the two waveform shapes can now easily be identified by applying a correlation coefficient threshold.
In general, one can conclude that obtaining feature heights from ICESat waveforms makes sense for either well-controlled footprint locations, where the objects represented by the ICESat waveform are known to the operator or, on the other hand, for larger populations of waveforms, representing homogeneous features, that are likely to exhibit a similar change through time, as can be expected in agricultural or forest applications. Over urban regions, where the footprint contents is expected to change from footprint to footprint, analyzing feature height for groups of waveforms together seems doubtful.
V. CONCLUSION
In this paper, we have compared ICESat-derived elevations to high-resolution airborne laser altimetry data over complex terrain. Airborne data have been obtained from the Dutch national airborne laser altimetry product AHN. Two comparisons have been performed: Terrain height was assessed by comparing the ICESat last mode against the AHN mean lowest segment, and ICESat feature height was evaluated against the AHN feature height.
For the terrain height, the difference between the elevation of ICESat's last mode and the mean elevation of the AHN lowest segment is, on average, −21 cm over bare land and −24 cm over urban areas, and ranges from −14 to −7 cm over forested areas. The standard deviation of the differences ranges between 20 cm for bare land and 69 cm for forested areas. This comparison has been performed on a population of several thousands of waveforms. These results show that ICESat and likely follow-up missions have good potential for measuring terrain height, even over complex forested and urban terrain with an accuracy at the decimeter range. In fact, the resulting accuracies start to approach a higher accuracy level as could be expected from airborne laser surveys.
For the feature height case, the difference between ICESatand airborne-derived feature height is acceptable over forested and bare land areas. However, the result over buildings is not satisfactory. The main reason is that ICESat-derived feature height parameters are sensitive changes in feature height that occur at spatial distances smaller than the size of the ICESat footprints. For the homogeneous land cover type, ICESat waveform analysis is a suited method for parameterizing feature heights. For the urban case, an additionally accurate DEM data may still enable the monitoring of feature height changes.
The study of the two described comparisons demonstrates that not only can good results be obtained, on average, for large populations of waveforms together but terrain and feature height extraction of ICESat data at the single shot level is also feasible and accurate to the levels shown here. If the spatial coverage of future satellite laser altimetry missions could be improved by applying different acquisition patterns (e.g., different orbit configuration and multiple view lasers), such missions could be applied for obtaining largescale elevation and forestry/biomass products of unprecedented accuracies.
Analysis of single waveforms is important to obtain insight on differences that still occur between ICESat waveforms and, in our case, simulated waveforms, as constructed from corresponding AHN points. The main reasons for the remaining differences in elevation in our comparison are actual changes within the footprint, which are explainable by temporal/seasonal acquisition differences, geolocation errors, inhomogeneous scattering distribution within the footprint, and atmospheric disturbances.
Note that the signed terrain elevation difference between ICESat and AHN terrain height is negative. This means that ICESat slightly underestimates terrain height. The ICESat elevation accuracy depends on saturation, atmospheric forward scattering, surface roughness, pointing errors, and field-of-view shadowing. The first two error sources were excluded in the comparison based on quality flags provided in the GLAS product. The third and fourth error sources have been discussed in this paper. However, the last one, i.e., field-of-view shadowing, which is significant in campaign L2a data, is not analyzed yet. This factor causes distortion of the laser power distribution within the footprint, resulting in clipped/skewed waveform shapes. As a consequence, ICESat elevations can be too low by several centimeters, with a bias magnitude correlated with the footprint size and laser energy level [59] . This error source could be the remaining problem for underestimated terrain heights and, therefore, needs to be investigated and quantified in further studies. Finally, almost time-coincident data from airborne AHN2 and recent ICESat campaigns is becoming available. Repeating this analysis on these new data sets will enable obtaining better insight into error sources in ICESat height underestimation and terrain/feature height differences between ICESat and AHN data.
